The quantitative autoradiographic L-[1-1 4 C] leucine method for the determination of regional rates of cerebral protein synthesis (ICPS1eu) requires knowledge of the degree of recycling of leucine derived from protein degradation into the precursor pool for protein synthesis, which can be evaluated by measuring Ai' the steady-state ratio of the leucine-specific activity in the precursor amino acid pool (tRNA-bound leucine) to that of the ar terial plasma. To define the changes in ICPS1eu during regeneration of the hypoglossal nerve, we examined the effects of axotomy on the value of Ai' Because the con centration of tRNA-bound leucine in the hypoglossal nu cleus is too low to measure, we measured the equivalent ratio for the total acid-soluble pool (IVi) and applied the linear relationship between A and Iji found in the whole In a previous study (Smith et aI., 1984), we showed that unilateral section of the XIIth nerve in adult female Sprague-Dawley rats resulted in a 25% increase in the rate of leucine incorporation into protein (lCPS1eu) in the hypoglossal nucleus ipsilat eral to the cut. The increase was seen as early as 2 days postaxotomy and remained elevated through ).
Summary:
The quantitative autoradiographic L-[1-1 4 C] leucine method for the determination of regional rates of cerebral protein synthesis (ICPS1eu) requires knowledge of the degree of recycling of leucine derived from protein degradation into the precursor pool for protein synthesis, which can be evaluated by measuring Ai' the steady-state ratio of the leucine-specific activity in the precursor amino acid pool (tRNA-bound leucine) to that of the ar terial plasma. To define the changes in ICPS1eu during regeneration of the hypoglossal nerve, we examined the effects of axotomy on the value of Ai' Because the con centration of tRNA-bound leucine in the hypoglossal nu cleus is too low to measure, we measured the equivalent ratio for the total acid-soluble pool (IVi) and applied the linear relationship between A and Iji found in the whole In a previous study (Smith et aI., 1984) , we showed that unilateral section of the XIIth nerve in adult female Sprague-Dawley rats resulted in a 25% increase in the rate of leucine incorporation into protein (lCPS1eu) in the hypoglossal nucleus ipsilat eral to the cut. The increase was seen as early as 2 days postaxotomy and remained elevated through brain to calculate a value of Ai in the ipsilateral and con tralateral hypoglossal nuclei of 22 adult female rats 2, 18, 35, and 60 days after unilateral hypoglossal axotomy. Sta tistically significant but quantitatively inconsequential ef fects of axotomy on values of ljii and Ai were found. Therefore, the mean value for Ai (0.64) of the left and right hypoglossal nuclei in all 22 axotomized rats was used to calculate lCPS1eu' In a separate group of 15 unilaterally axotomized rats, ICPS1eu was determined by the autora diographic technique; ICPS1eu was increased on the axo tomized side by 23% on day 2, 30% on day 18, and 13% on day 35. By postaxotomy day 60, ICPS1eu had returned to normal. Key Words: Leucine recycling-Protein synthe sis-Regeneration-Brain-Hypoglossal axotomy. 24 days postaxotomy. A forerunner of the present autoradiographic [l-14C]leucine method (Smith et aI., 1980 ) was used to determine ICPSleu' The method that was used was based on a simple two compartment model for the behavior of leucine in brain, a calculated estimate of the free e4C]leucine in the tissue at the end of the experimental interval, and the assumption that there was no recycling of unlabeled leucine derived from protein degradation into the precursor pool for protein synthesis. This seemed to be a reasonable assumption at that time in view of the results of in vitro studies (Gainer et aI., 1975; Robertson and Wheatley, 1979 ) that sug gested that amino acids in the extracellular space were preferentially if not exclusively incorporated into protein. Since then, however, we have found that, in brain, only about 60% of leucine incorpo rated into protein comes from the plasma; the re maining 40% comes from the breakdown of protein in the tissue (Smith et aI., 1988) . The rates of leu cine incorporation into protein in the hypoglossal nuclei reported in our previous study (Smith et aI., 1984) were, therefore, underestimates of the true rates of leucine incorporation. As we stated then (Smith et aI., 1984) , the apparent increase in ICPSleu in regenerating hypoglossal nuclei might actually re flect only an increase in the fraction of leucine in the precursor pool that came from the plasma. Such an increase could have resulted from a decrease in pro tein degradation in the tissue, an increase in trans port of leucine across the blood-brain barrier, or both.
The kinetic model for the behavior of leucine in the brain has been extended to allow for the possi bility of the recycling of amino acids either directly within the cell or via the extracellular space (Smith et aI., 1988; Smith, 199 1) . The model is based on the following assumptions: (a) tissue region i is homo geneous with respect to concentrations of amino acids, rates of blood flow, and rates of transport, metabolism, and incorporation of amino acids into protein; (b) concentration of unlabeled leucine in arterial plasma and rates of amino acid metabolism and protein synthesis are constant during the exper imental period; (c) no significant loss of labeled pro tein and no recycling of e4C]leucine from radioac tive protein occur within an experimental period of 60 min because the average half-life of proteins in brain is several days (Lajtha et aI., 1976) and the proteins with very short half-lives comprise such a small fraction of the total protein in brain that loss of label from these proteins would have a negligible effect on the average rate of synthesis; and (d) con centrations of labeled leucine are sufficiently small that tracer theory holds and there are no isotope effects associated with its use. By mathematical analysis of this model, an equation for lCPSleu has been derived that takes into account any recycling of leucine derived from protein degradation into the precursor pool for protein synthesis. By using a pulse injection of L-[ 1-14C]leucine, a 60-min exper imental interval, and formalin fixation and washing of the tissue sections to remove the free e4C]leu cine, we have simplified the equation so that it de fines the rate of leucine incorporation into protein in terms only of the time course of the arterial plasma leucine-specific activity, the final tissue concentra tion of 14C, and a constant, Ai' with a value between o and 1.0 that is equal to the fraction of leucine in the precursor pool for protein synthesis in the tissue i that is derived from the plasma (Smith et aI., 1988) :
where Ri is the rate of leucine incorporation into protein in tissue i; Pi(D is the concentration of 14C fixed in the tissue i at any time, T, after introduction of the tracer into the circulation; C;(t) and Cp are the concentrations of labeled and unlabeled leucine in the arterial plasma, respectively; and t is variable time.
The only factor in the equation for protein syn thesis rates that cannot be measured directly in each animal and that must be determined separately is Ai' which can be determined experimentally as the apparent steady-state ratio of the leucine-specific activity in the precursor amino acid pool (tRNA bound leucine) in the tissue to that of the arterial plasma. The steady state is only an apparent steady state because it is a steady state between the plasma leucine and the free, not the protein-bound, leucine pools in the brain tissue. In the whole brain of the conscious male rat, this ratio (A w B) was found to be equal to 0.58 (Smith et aI., 1988) . The question of regional variation in the value of Ai has been ad dressed by deriving it from its relationship to the equivalent ratio for the total tissue acid-soluble amino acid pool, t!Ji (Sun et aI., 1992) . This approach is necessary because it is currently not possible to measure the specific activity of the tRNA-bound leucine pool in individual brain regions directly be cause of the low (nanomolar) levels of tRNA-bound amino acids in brain. The specific activities of the relatively large (micromolar) acid-soluble leucine pools in local brain regions can, however, be readily measured. In the whole brain, the values of AWB correlate closely with those of t!JWB' To determine regional values of Ai' we measured regional values of t!Ji and calculated values of Ai by application of the best-fitting linear equation relating the values mea sured in whole brain. In normal, conscious, adult male rats, it was found that the values for Ai are not uniform in the 19 brain regions examined; they vary from 0.62 in the hypoglossal nucleus to 0.50 in the globus pallidus (Sun et aI., 1992) .
In the present studies, we examined the effects of unilateral axotomy of the hypoglossal nerve on the degree of recycling of leucine in the hypoglossal nucleus and on the rate of leucine incorporation into protein corrected for recycling during regeneration.
The results indicate that effects of axotomy on val ues of Ai are very small, i.e., less than 3%. In con trast, lCPSleu was increased by as much as 30% on the cut side, and remained elevated through post axotomy day 35, and returned to nearly normal by day 60.
MATERI ALS AND ME THODS

Ch emicals
Chemicals were obtained from the following sources: L-[1-1 4 C]\eucine (spec. act., 54 mCi/mmol), Amersham, Arlington Heights, IL, U.S.A.; L-[3,4,5-3H]leucine (spec. act., 155 Ci/mmol), Du Pont-NEN, Wilmington, DE, U.S.A.; L-norleucine, Cyclochemicals, Los Angeles, CA, U.S.A.; 5-sulfosalicylic acid, Fluka Chemie AG, Buchs, Switzerland.
Ani mals
Two groups of adult female Sprague-Dawley rats (Taconic Farms, Germantown, NY, U.S.A.) were stud ied: (a) 14 normal, unoperated rats (207-308 g, body weight); and (b) 37 rats (170-255 g body weight) that un derwent unilateral hypoglossal axotomy. Axotomy was carried out under pentobarbital anesthesia (45 mg/kg, i.p.). The hypoglossal nerve on the left side was cut at the level of the anterior belly of the digastric muscle. A 4-mm segment of the nerve was removed to ensure that the cut was complete. Following surgery, animals were returned to their cages and allowed to recover. They were main tained under controlled conditions of normal humidity and temperature with standard alternating 12-h periods of light and darkness. Food and water were provided ad libitum. Axotomized rats were studied 2, 18, 35, and 60 days posttransection. Animals were prepared for deter minations of ljIi or local rates of protein synthesis by the insertion, under light halothane anesthesia, of polyethyl ene catheters into one femoral artery and vein. The cath eters were tunneled under the skin to exit at the nape of the neck. At least 2 h were allowed for recovery from sur gery and anesthesia. The rats were allowed to move freely in their cages throughout the experimental procedure.
Ph ysiological variables
Physiological variables, including arterial blood pres sure, pH, blood gas tensions, hematocrit, plasma glucose concentration, and rectal temperature were determined in all 37 experimental and 14 normal rats about 10 min prior to administration of radiolabeled leucine. Mean arterial blood pressure was measured by means of an air-damped mercury manometer. Arterial blood pH, Peo2, and P02 were measured with a Corning 158 pH/Blood Gas Ana lyzer (Corning, Halstead, Essex, U.K.). Arterial blood hematocrit was determined in blood samples collected in capillary tubes, which were subsequently sealed and cen trifuged in a Microspin 24S (Sorvall Instruments, DuPont, Wilmington, DE, U.S.A.). Arterial plasma glucose con centrations were measured with a Beckman Glucose An alyzer 2 (Beckman Instruments, Fullerton, CA, U.S.A.). Means ± SD for these physiological variables in all 51 rats were as follows: arterial blood pressure, 113 ± 6 mm Hg; hematocrit, 48 ± 2%; arterial blood pH, 7.47 ± 0.02; arterial blood Peo2, 37 ± 2 mm Hg; arterial blood Po2, 84 ± 4 mm Hg; rectal temperature, 37.9 ± OSC; plasma glucose concentration, 8.7 ± 1.0 mM.
Procedure to de termine l/Ii
Intravenous infusion schedules designed to achieve and maintain constant arterial plasma concentrations of labeled leucine for 60 min were determined by the method of Patlak and Pettigrew (1976) . The infusion schedule consisted of an initial pulse followed by a progressively decreasing rate of infusion adjusted every 15 s and administered by a programmed computer-driven infusion pump (Pump 22; Harvard Apparatus, South Natick, MA, U.S.A.).
Rats used in these determinations were in a steady state for unlabeled leucine as shown by their relatively con stant plasma leucine levels; the plasma leucine concen trations measured between 40 and 60 min after the start of J Cereb Blood Flow Metab, Vol. 13, No.6, 1993 the infusion were within 15% of the mean value and showed no trend to increase or decrease. Rats that did not meet these criteria were not included in the study.
Each rat was infused with 10-14 mCi of eH]leucine in a total volume of approximately 2 ml over the 60-min period of the infusion. Timed arterial blood samples were drawn every 5 or 10 min during the infusion and centri fuged immediately to separate the plasma, which was then deproteinized by the addition of one third of a vol ume of a solution of 16% (wt/vol) sulfosalicylic acid con taining L-norleucine as an internal standard for amino acid analyses. The deproteinized plasma samples were stored at -70°C until assayed for leucine and [3H]leucine concentrations. At the end of the infusion, the rats were decapitated and their brains were quickly removed and placed on a chilled glass plate overlying crushed ice. The cerebral hemispheres and cerebellum were completely detached from the brain stem and set aside. The hypo glossal nuclei were dissected bilaterally from the brain stem (Yu, 1989) . Dissected left and right hypoglossal nu clei were weighed, homogenized in 4% sulfosalicylic acid containing 2.5 fJ-M norleucine as an internal standard, and stored at -70°C until assayed for leucine and eH]leucine concentrations. At the time of the assays, the samples were thawed, vortexed, and centrifuged for 30 min at 5,000 g at 4°C to remove the precipitated protein.
Assay of sp ecific ac tivi ty of [ 3 H]l eucine
Specific activities of [3H]leucine in deproteinized plasma and acid-soluble fractions from left and right hy poglossal nuclei were assayed by postcolumn derivatiza tion with o-phthaldehyde and fluorometric assay in a Beckman Model 7300 amino acid analyzer (Beckman In struments, Fullerton, CA, U.S.A.). After passage through the detector, fractions were collected every min and assayed for 3H with a Tri-Carb Liquid Scintillation Analyzer, model 2250CA (Packard Instrument, Downers Grove, IL, U.S.A.). This system can measure 10-100 pmol of leucine with a 3% error. Specific activity was calculated from total 3H in all fractions in the leucine peak and the total measured leucine content in the peak.
Calculation of the values of l/Ii and Ai
Values of ljIi were calculated from the ratio of the mea sured steady state leucine specific activity in the total tis sue acid-soluble pool to that of the arterial plasma. The time courses of the acid-soluble specific activity in arte rial plasma and of the specific activity of acid-soluble leucine in the left and right hypoglossal nuclei at the end of the experimental interval were determined as de scribed above. The steady state free leucine specific ac tivity in the arterial plasma was calculated as the mean of the specific activities determined from 40 min to the end of the interval; the measured specific activity of leucine in arterial plasma was relatively constant (e.g., within ± 12% of the mean) from 40 min on and showed no systematic trend to increase or decrease.
The specific activity of the acid-soluble leucine in the tissue was corrected for contamination by leucine in the blood contained in the hypoglossal nucleus. Values re ported in the literature for regional blood volume and hematocrit in rat brain medulla (Cremer et al., 1983) were used in these calculations. The equilibrium distribution of free leucine between red cells and plasma was measured and found to be 0.7; this value was used together with local tissue blood volume and hematocrit to calculate the local tissue blood leucine and [3H]leucine contents from measurements in plasma. The contamination by leucine in whole blood in hypoglossal nucleus so determined was 1.0% of the total acid-soluble leucine in the region. The value of Ai was calculated from the measured value for ljIi based on the relationship between ljIi and Ai as measured in the whole brain (Sun et al., 1992) :
(2)
De term ination of ICP S l eu
Local rates of protein synthesis were determined in 14 unoperated control rats and in axotomized rats on day 2 (n = 4), day 18 (n = 4), day 35 (n = 4), and day 60 (n = 3). The experimental period was initiated by an i. v. pulse of L-[1-14C]leucine; the dose was 100 IJ.Cilkg body weight contained in 0.11-0.26 ml of physiological saline. Timed arterial samples were collected during the following 60 min for determination of the time courses of plasma con centrations of leucine and [14C]leucine. The blood sam ples were immediately centrifuged and the plasma depro teinized at 4°C by the addition of a solution of sulfosali cylic acid to make a final concentration of 4% (wt/vol) sulfosalicylic acid. Labeled and unlabeled leucine con centrations in the acid-soluble fractions were assayed by liquid scintillation counting with external standardization and by amino acid analysis, respectively. At the end of the 60-min experimental period, the rats were killed by an i. v. injection of sodium pentobarbital, and the brains were rapidly removed and frozen in isopentane cooled to -40°C with dry ice. The brains were cut into sections 20-lJ.m thick in a cryostat maintained at -20°C, and the sections were thaw-mounted on gelatin-coated slides, air dried, and then fixed and washed with five changes of phosphate-buffered 10% formalin for 30 min each. They were then washed in running deionized water for 30 min. The sections were autoradiographed along with calibrated [14C]methylmethacrylate standards as previously de scribed (Sokoloff et al., 1977) . Concentrations of [14C]leu cine incorporated into protein in hypoglossal nuclei were determined by analysis of the autoradiograms with a com puterized image processing system (MCID; Imaging Re search, St. Catharines, Ontario, Canada). The concentra tion of 14C in each hypoglossal nucleus was determined from the optical density-versus-14C concentration curve derived for each film from the optical densities of the calibrated plastic standards. Local rates of protein syn thesis were calculated by means of Eq. 1 with the regional values of Ai'
Sta tis tical analyses
Values of ljIi and Ai and rates of protein synthesis in the left and right hypoglossal nuclei at four time points after axotomy were compared by means of paired Student's t tests. The ICPSleu in the hypoglossal nuclei of the control female rates and the lCPSleu in the hypoglossal nuclei contralateral to the lesion in the axotomized female rats were compared with values reported previously for con trol male rats (Sun etal., 1992) by means of a one-way analysis of variance followed by Bonferroni t statistics.
RESULTS
Effects ofa xotomy on values of tII i and Ai
The value of ljJi was determined in individual hy poglossal nuclei from 22 unilaterally axotomized rats. Each dissected nucleus weighed between 0.5 and 1.0 mg (0.7 ± 0.2, mean ± SD), and the total leucine concentration in the acid-soluble tissue ex tract was 81 ± 14 nmol/g. There were no statisti cally significant side-to-side differences in the free leucine concentrations in the acid-soluble tissue ex tracts at any of the times examined following uni lateral axotomy (Table 1 ). There were also no side to-side differences in the wet weights of the hypo glossal nuclei sampled following axotomy.
Unilateral section of the hypoglossal nerve re sulted in statistically significant but very small changes in the values of ljJi and Ai (Table 2) . On postaxotomy day 2, we found no side-to-side differ ences in either ljJi or Ai in the hypoglossal nuclei. On days 18 and 35, effects were identical; the values of ljJi and Ai were statistically significantly lower on the axotomized side by 5 and 3%, respectively. By day 60, there were no side-to-side differences in values of ljJi and Ai' Since these effects on the values of ljJi and Ai were so small, we have used the overall mean values from both the lesioned and control nuclei of Ai in our calculations of lCPSleu in the hypoglossal nuclei at all four postaxotomy time points examined and in the hypoglossal nuclei of a group of control female rats. The means ± SD of the left and right for all 22 determinations of ljJi and Ai were 0.57 ± 0.04 and 0.64 ± 0.02, respectively.
Effects ofa xotomy on ICPS l eu
The effects of axotomy on lCPSleu in the hypo glossal nucleus were determined between days 2 and 60 (Table 3) . Statistically significant increases were found at 2, 18, and 35 days postaxotomy. By postaxotomy day 2, there was a 23% increase in ICPSleu in the axotomized hypoglossal nucleus com pared with the contralateral side. On day 18, the axotomized nucleus was increased 30% over the control side. On day 35, the effect on ICPSleu had diminished to a 13% increase over the control side; on day 60, no side-to-side differences were found. In a group of 14 unoperated normal female rats, ICPSleu in the hypoglossal nuclei was determined and found to be 8.2 ± 0.9 (mean ± SD) ( Table 4) In each hypoglossal nucleus in each of 22 ani mals, we assessed the fraction of leucine in the pre cursor pool derived from plasma amino acids by measuring l\Ji, the ratio of the steady state leucine specific activity in the total tissue acid-soluble pool to that of the arterial plasma, and then calculating "i from the relationship between I\J and" (Sun et al., 1992) . The implicit assumption in this determination is that the linear relationship between I\J and '" de termined in the whole brain, applies to a local re-gion such as the hypoglossal nucleus. In the 22 fe male rats studied, the mean ± SD values for l\Ji and "i in the hypoglossal contralateral to the axotomy were 0.58 ± 0.04 and 0.64 ± 0.02, respectively.
These values are essentially the same as those re ported previously for adult male Sprague-Dawley rats: 0.56 ± 0.02 and 0.62 ± 0.0 1, respectively (Sun et al., 1992) . Analysis of the side-to-side differences in values of $i and "i in unilaterally axotomized rats showed that at 2 and 60 days postaxotomy there were no differences; whereas, at 18 and 35 days postaxotomy, values of both were statistically sig nificantly lower on the axotomized side.
There are two possible simple explanations for the reduced values of l\Ji and "i in the regenerating nuclei; either protein degradation is slightly in creased or transport is slightly decreased. The former would seem to be more likely since, at least in the developing brain, higher rates of protein syn thesis are associated with higher rates of protein degradation (Lajtha et al., 1979) . These effects were small; values for l\Ji changed by less than 5% and values for "i changed by less than 3%. Such small variations in the value for "i' which is used directly in the calculation of ICPSleu (see Eq. 1), will have little effect on the calculated rate of protein synthe sis. Protein synthesis rates in both control and ax otomized adult female rats were, therefore, calcu lated with the mean value of all determinations of "i (0.64) in the hypoglossal nucleus.
In these studies, we repeated much of our previ ous study (Smith et al., 1984) of the effects of axo tomy on ICPS1eu, but this time with regional correc- tion for recycling (Ai) and removal of the free leu cine pools in the tissue by formalin fixation and washing of the tissue sections. We did not, how ever, cover the entire time course from 30 min to 84 days postaxotomy as we did previously. Instead, we focused on four time points-2, 18, 35, and 60 days postaxotomy-that cover the period in which major changes in protein synthesis occur during re generation of the hypoglossal nerve in the rat. As expected, the rates of protein synthesis (Table 3) are higher than those reported previously, but the relative effects of axotomy on ICPSleu are similar.
The only difference was found on day 35; in our previous study, in which one or two rats were stud ied at each time point, we found no side-to-side dif ference in ICPSleu' In the present study of four ax otomized rats on day 35, we now find a statistically significant increase in ICPSleu of 13% in the regen erating nucleus. These results are, to our knowl edge, the first report of changes following axotomy in the actual rates of protein synthesis with regional correction for recycling (AJ Other studies in which radiolabeled amino acids were administered to ax otomized rats or rabbits have demonstrated in creased counts in the axotomized nuclei compared with the contralateral side with, in general, a similar time course (Brattgard et al., 1958; Aldskogius et al., 1984; Singer and Mehler, 1986) . In none of these studies, however, was the specific activity of the precursor amino acid pool taken into account.
Whereas the side-to-side differences in our study of ICPSleu (Table 3) (Table 4) , there was no difference between these two groups.
Comparison with our previously reported values for a group of normal male rats (Sun et at., 1992) shows that there was a difference between the males and females (Table 4 ). The mean ICPSleu in the hypoglossal nucleus was � 30% higher in male rates than in either group of females (p < 0.001, Bonferroni t statistics). There appears to be more variability among the female values compared with the male values, although differences in the vari ances among the three groups were not statistically significant. These possible male-female differences in ICPSleu and the higher variability among the fe males are currently under investigation. It is possi ble that the variability among the females is due to an influence of the estrous cycle. Evidence of cyclic variations in local cerebral glucose utilization has been reported previously (Nehlig et at. , 1985) . In the present studies, the stage of the estrous cycle at the time of the measurements of ICPSleu was not determined. A preliminary examination of ICPSleu in other brain stem regions suggests that the vari ability in the female rats is not confined to the hy poglossal nucleus. 
